The endothelial glycocalyx is a dynamic extracellular matrix composed of cell surface proteoglycans, glycoproteins, and adsorbed serum proteins that has been implicated in the regulation and modulation of capillary tube hematocrit, permeability, and hemostasis. High tissue adenosine levels have been shown to adversely affect microvascular function and tissue survival after an ischemic episode, and previous work in this laboratory has shown that adenosine causes arteriolar constriction and degranulation of mast cells via the A 3 receptor (A3AR). We hypothesized that adenosine exerts at least part of its effect through modification of the glycocalyx via the A3AR. We used an in vivo cremaster model (hamster and mouse) in which circulating plasma was labeled with a 70-kDa FITC-dextran, and the capillaries were examined before and after superfusion with varying concentrations of adenosine (or other vasoactive molecules). Measurements of the dextran exclusion from an endothelial cell surface layer and red cell separation from the endothelial cell surface were made for up to 30 minutes. Our data indicate that adenosine causes a rapid and profound decrease in the ability of the glycocalyx to exclude dextran but only affects red blood cell exclusion at pharmacological levels. Knockout mice deficient in the A3AR were completely protected from glycocalyx changes attributable to adenosine. These data show a potential link between a known vasoactive tissue metabolite, adenosine, and regulation of the glycocalyx, which may be important during (patho)physiological changes in microvascular function during inflammatory insults. (Circ Res. 2004;94:77-82.) 
A denosine is a ubiquitous nucleoside that has been implicated in many facets of vascular function. There are four known adenosine receptors, A 1 , A 2A , A 2B , and A 3 , 1 each of which has a different pattern of tissue distribution and operates via different intracellular signaling mechanisms. 2 In addition to its well-known properties as a vasodilator, adenosine is intimately involved in a variety of other inflammatory reactions, with both proinflammatory 3 and antiinflammatory 4 roles. Previous work from this laboratory has shown that adenosine can, on the one hand, inhibit mast cell degranulation at low concentrations by activating the A 2A receptor 5 and, on the other hand, cause mast cell degranulation via the A 3 receptor. 6 Metabolites of adenosine may also play a key role in the inflammatory response, in that inosine accumulates in tissues in even greater concentrations than adenosine under inflammatory conditions 2 and is a highly selective agonist for A 3 receptors (A3AR). The foregoing suggests that the A3AR may be important in mediating pathophysiological changes in the vasculature under circumstances that increase tissue adenosine content.
Recent evidence has shown that ischemia/reperfusion injury, a common model of injury and inflammation, damages the endothelial cell glycocalyx and that this might contribute to the pathophysiological changes during reperfusion. 7 The endothelial cell glycocalyx is an as-yet poorly understood matrix that lines the luminal surface of all blood vessels. This matrix is composed of glycosaminoglycans, proteoglycans, and glycoproteins originating from both the endothelial cells and adsorbed from circulating plasma. These molecules form a surface layer or glycocalyx, whose thickness is between 0.2 and 0.5 m in various in vivo rodent models. 8 -11 There is increasing evidence that the glycocalyx is important for physiological and pathophysiological regulation of microcirculatory function. It may play a role in the barrier properties of the capillary wall as a whole, [11] [12] [13] [14] and evidence suggests that hematrocrit, [15] [16] [17] permeability, 12, 13, 18 blood flow, 19, 20 and leukocyte adhesion 21 may all be regulated by the glycocalyx.
Given the potential contribution of the glycocalyx to the permeability barrier and the role of the A3AR in inducing adenosine-mediated edema, we hypothesized that topical application of adenosine in the appropriate concentration would cause changes in the barrier function of the glycocalyx and perhaps in the physical thickness of the layer. In addition, we hypothesized that this response would be mediated by the A3AR. To test our hypothesis, we used intravital microscopy of the cremaster muscle of mouse and hamster as a model of the microcirculation and measured the penetration of a 70-kDa, FITC-labeled dextran (dextran) into the glycocalyx as well as the spacing between the red cell column and the capillary wall. Here we present evidence that adenosine causes a dose-dependent decrease in ability of the glycocalyx to exclude dextran (increased porosity) and a reduction in the thickness of the layer, which is mediated via the A3AR.
Materials and Methods

Animal Preparation
All animal experimentation was done in accordance with institutional guidelines under approved protocols. Cremaster muscles were studied in Syrian hamsters (Charles River Laboratories Inc, Wilmington, Mass) and mice (Hilltop Laboratories, Scottsdale, Ariz). The former provided comparison data with much of the prior work on this subject, and the latter species was used to allow us to make use of genetically modified strains. Male Syrian golden hamsters (nϭ22) weighing 110 to 150 g were anesthetized with intraperitoneal sodium pentobarbital (70 mg/kg body weight in saline). A tracheostomy was performed to ensure a patent airway, and the left femoral vein was cannulated for continuous infusion of 0.9% saline containing 10 mg/mL sodium pentobarbital (0.5 mL/h). The right femoral vein was also cannulated to allow infusion of FITC-dextran solutions. The cremaster muscle was prepared for experimentation as previously described. 8 -11 After at least 45 minutes of stabilization, during which time arteriolar tone was evaluated as a measure of overall tissue viability, a bolus of 0.2 mL dextran (20 mg/mL in saline) was given via the right femoral vein cannula.
Male C57bl/6 mice (nϭ14), as well as A 3 knockout (KO) mice (nϭ5), 22 were used. A3AR KO animals were generously provided by Marlene Jacobson (Merck Research Labs, West Point, Pa). These mice have been well characterized previously. [22] [23] [24] [25] Mice were anesthetized with intraperitoneal sodium pentobarbital (40 mg/kg in saline) and surgically prepared as above, and a bolus of 0.05 mL FITC-dextran 70 (20 mg/mL in saline) was given. Mouse weights were between 22 and 27 g.
Intravital Microscopy
Capillaries in both hamsters (5.15Ϯ0.01 m) and mice (5.23Ϯ0.01 m) were observed with a ϫ60 (NA 0.9) water immersion objective. Transillumination for bright field measurements was obtained with a 150-W xenon lamp. There was no statistical difference between the bright field capillary dimensions of hamsters or mice. Light from another xenon lamp equipped with a 450-to 490-nm excitation filter, a dichroic beam splitter (FT 510), and a barrier filter (LP 520) was used for epi-illumination of the fluorescent tracers. Epi-illumination of each capillary was limited to Ͻ10 seconds to prevent light-dye injury to the endothelium. Images of vessels were displayed on an in-line video monitor and recorded on S-VHS videotapes.
Glycocalyx Measurements
We used two separate measurements to assess the function of the glycocalyx before and after treatment with adenosine and other stimuli. For the first, we measured the space between the endothelial cell surface, as determined by bright field microscopy, and the edge of the dextran dye column. Under control conditions, a well-defined space could be measured, and the exclusion of, or penetration of dye into this region was used to determine the ability of the endothelial cell surface matrix to exclude macromolecules (porosity). The space between the endothelial cell surface and the average edge of the red cell column was also measured. The size of this space is determined by a combination of the thickness of the endothelial cell surface layer and the lubrication layer surrounding the moving red cells. 8
Experimental Protocols
Baseline measurements of the dye exclusion and the red cell exclusion zones were obtained before addition of any stimulatory molecules. These data were averaged and are represented as Tϭ0 for time curves. Test agents (adenosine, papaverine, and ATL-146e) were applied continuously for a period of 30 minutes to the cremaster via the superfusion solution. None of the agents used changed capillary diameter, although arteriolar diameter was affected by all. Because of the variability of the mice and preparations, it was difficult to take measurements at strictly defined time points; therefore, we collected data as often as possible and averaged them into Ϸ5-minute blocks to generate time curves. Additionally, we pooled the data after treatments to compare directly to pooled pretreatment values.
Data and Statistical Analysis
Recorded video images of the experiments were analyzed using the Image-1 software package as previously described. 8 -10 For each capillary, the anatomical diameter, width of dextran column, and red cell diameter were measured using calibrated video calipers. All data are expressed as meanϮSE. Mean data were compared using ANOVA and paired Student's t tests where appropriate. Differences were considered significant at PϽ0.05. Unless otherwise noted, all reagents were purchased from Sigma. The ATL-146e was generously provided by Dr Joel Linden (University of Virginia, Charlottesville, Va).
Results
The baseline exclusion zone for dextran was 0.31Ϯ0.02 m in hamsters (56 control vessels) and 0.22Ϯ0.01 m in mice (102 vessels, Figure 1A ). Baseline red cell exclusion was 0.49Ϯ0.01 m in hamsters and 0.47Ϯ0.01 m in mice ( Figure 1C ).
Adenosine treatment (1 mol/L) caused a significant decrease in the dye exclusion zone in both hamsters and mice ( Figure 1B) . The dye exclusion zone in hamsters was reduced by 70% to 0.10Ϯ0.01 m and in mice was reduced by 57% to 0.10Ϯ0.01 m. In hamsters, additional experiments were conducted to elucidate the dose dependence of the glycocalyx effect (Figure 2A) . A low dose of 0.01 mol/L adenosine elicited no response from the glycocalyx, whereas the highest dose of 100 mol/L decreased the dextran exclusion zone 83% to 0.05Ϯ0.01 m. Only the highest dose, however, had an effect on the red cell exclusion zone, which was reduced 23% to 0.38Ϯ0.01 m from a control of 0.5Ϯ0.01 m ( Figure 2B ).
Dextran exclusion data from mice treated with adenosine (10 Ϫ6 mol/L) were additionally analyzed to determine the time dependence of this response. Figure 3 shows that adenosine decreases the dye exclusion zone as early as we can measure it (Ϸ6 minutes). This decrease is sustained over the course of the 25-minute measurement period.
Adenosine has effects on many cell types, including smooth muscle, and thus it produces substantial hemodynamic change in addition to effects mediated via the A 3 receptor. To assess the effects of vasodilation (and thus a change in capillary shear stress) per se, we applied papaverine, which causes arteriolar vasodilation without endothelial cell activation. 26 Papaverine produced dilations similar to those seen with adenosine but did not change either the dextran or the red cell exclusion zones (Figure 4) .
To determine which adenosine receptor was responsible for the effect on the glycocalyx, we treated mice deficient in the A3AR with 1 mol/L adenosine as described above. As seen in Figure 5 , the endothelial glycocalyx of A 3 KO mice exhibited normal baseline dimensions but failed to respond to adenosine. The dye exclusion zone was 0.22Ϯ0.01 m compared with 0.23Ϯ0.02 m for control c57bl/6 mice. We also confirmed the lack of involvement of the A 2A receptor by treating one group of mice with the A 2A agonist ATL-146e (100 nmol/L). Activation of the A 2A receptor had no effect on the glycocalyx, and the data closely resemble those for papaverine (0.21Ϯ0.02 m control versus 0.21Ϯ0.02 m ATL for both dyes and 0.47Ϯ0.02 m control versus 0.46Ϯ0.01 m ATL for red blood cell-free zone). In fact, these data support the papaverine findings, because this dose of ATL elicits a vasodilation but no glycocalyx change.
Discussion
There is mounting evidence that the endothelial glycocalyx influences several microvascular parameters, including capillary tube hematocrit, 15, 17, 27 blood flow, 20 permeability, 12, 18 and leukocyte adhesion. 21 More recently, it has become apparent that the glycocalyx is not a static anatomical barrier but is a dynamic, regulated structure that is sensitive to modulation by cytokines, 10 free radicals, 8, 15, 28 and several physiologically relevant enzymes. 11, 12, 17, 18 Adenosine is a ubiquitous metabolic byproduct that mediates a variety of microvascular functions. The most relevant to this study is its ability, as well as that of its metabolite inosine, to inhibit (low concentrations) or stimulate (higher concentrations) mast cell degranulation. 5, 6, 22, 29 The inhibitory effect at low concentrations of adenosine (Յ100 nmol/L) is mediated by the mast cell A 2A receptor, 5 and the degranulation at higher concentrations (Ͼ1 mol/L) is caused by binding to the mast cell A3AR. 6, 29, 30 It has also been found that adenosine-mediated edema formation is eliminated in both A 3 KO mice and in mast cell-deficient mice. 23 Thus, we hypothesized that increased tissue adenosine would lead to an alteration of glycocalyx exclusion characteristics or a de- crease in glycocalyx thickness. Additionally, we hypothesized that this response would be mediated via the A3AR, possibly leading to mast cell degranulation.
There are presently four recognized adenosine receptors, A 1 , A 2A , A 2B , and A 3 . 1,2 Of these, we focused on the A 3 receptors, because they are found on a variety of vascular cells and have been shown to be involved in proinflammatory responses. The A 3 receptor has also been found to mediate adenosine-induced edema in mice via mast cell degranulation, 23 and we have previously shown that stimulation of the A 3 receptor causes mast cell-mediated vasomotor changes. 6 Thus, we tested the hypothesis that the adenosine effects on the glycocalyx were also attributable to A 3 receptor activation by using A3AR KO mice. These mice exhibited no response of the glycocalyx after treatment with adenosine ( Figure 5 ). Baseline glycocalyx values preceding treatment are normal. Combined with our data showing that the A 2A agonist ATL-146 has no effect on the glycocalyx, these data show that adenosine-mediated changes in the glycocalyx are produced by A 3 receptor activation in the mouse cremaster microcirculation.
We have summarized some possible factors linking adenosine to the glycocalyx in Figure 6 . Adenosine receptors are found on several different cell types that are intimately involved with microvascular regulation. Although vascular smooth muscle cells express the A 3 receptor, 25, 31 we believe that the papaverine data combined with the ATL-146e data make it unlikely that vascular smooth muscle regulates the glycocalyx through changes in intravascular pressure, blood flow, or shear stress. Likewise, leukocytes are not known to express the A 3 receptor, although they do express A 2A receptors. The ATL-146e data argue against a role of leukocytes in adenosine-mediated modification of the glycocalyx, because stimulation of the A 2A receptor was without effect.
Endothelial cells express both the A 2A and the A 3 receptors. 2, 25 It is possible that A 3 stimulation leads to production of an autocrine factor that leads to the glycocalyx changes we observed. There is evidence that the endothelium produces reactive oxygen species, and there is substantial evidence that reactive oxygen species (ROS) lead to degradation of the glycocalyx. 8, 15, 28, 32 However, evidence produced by this (and other) laboratories points to another cell type as the primary initiator of tissue injury via adenosine treatment, the mast cell.
The mast cell route seems to be the most likely mode of action of adenosine because of the convincing evidence by Tilley et al 23 that adenosine-mediated edema is absent in both A 3 KO mice and in mast cell-deficient mice (WBB6F 1 /J-W/ W v ). We have also shown that A3AR stimulation causes vasomotor changes that are mediated by the mast cell. 6 The mast cell degranulation product responsible for opening the endothelial cell surface matrix and allowing the dextran to penetrate is not yet known, although there is evidence that ROS, 8, 28 tumor necrosis factor-␣ (TNF-␣), 10 and numerous enzymes 11, 17 modulate the porosity and the red cell exclusion zone of the glycocalyx.
Degradation of either protein or carbohydrate chains comprising the matrix might in part be the result of a direct effect of ROS on the matrix components. However, the ultimate effects of TNF-␣ and ROS may be much more complex. TNF-␣ has been shown to activate several endothelial cell signaling cascades, leading to the activation of mitogen-activated protein kinases, AKT, c-Jun NH 2 terminal kinase, and phosphatidylinositol 3 kinase and possibly src. 33 In addition, TNF-␣ also increases [Ca 2ϩ ], and IP 3 and triggers ROS production. 34 Many of these signals may be involved in active regulation of the glycocalyx by the endothelial cell. In Figure 4 . Papaverine has no effect on glycocalyx measurements. Papaverine was used to induce a similar vasomotor response in wild-type mice but did not cause any change in the glycocalyx properties. Figure 5 . Adenosine effect on dye exclusion is absent in A 3 KO mice. Genetically modified mice lacking the A3AR were treated with 1 mol/L adenosine using the same protocol as wild-type mice. Whereas control mice exhibited the expected decrease in glycocalyx exclusion to 70-kDa FITC-dextran, the effect was completely absent in KO mice. *Different from wild-type control, PϽ0.05. addition, Murphy et al 34 have reported that treatment of endothelial cells with TNF-␣ leads to production of O 2 Ϫ , and we have shown that ROS affect the glycocalyx. 8 Moreover, there is abundant evidence that ROS can directly affect glycosaminoglycan and proteoglycan structure, [35] [36] [37] all of which suggests that a direct effect of ROS may be key in the modification of the glycocalyx that we observe.
We have shown previously 7, 10 and in this study that the ability of the glycocalyx to exclude macromolecules can be differentially altered compared with the red cell exclusion component. Enzymatic evidence 11, 17 has lead us to hypothesize that this difference reflects the complex composition of the glycocalyx, where hyaluronan (HA) principally regulates porosity and proteoglycans regulate thickness of the layer. This concept fits well with data from Moseley et al, 35 who showed that O 2
Ϫ generated by neutrophils degraded HA as well as chondroitin sulfate and dermatan sulfate. Addition-ally, they found that the HA was more sensitive to ROS degradation than were the sulfated glycosaminoglycans. This could explain how low doses of adenosine caused a change in porosity without affecting red cell exclusion whereas high doses affected both, although to different degrees. This difference in sensitivity may also be responsible for the differences seen between the baseline glycocalyx porosity of mice and hamsters in Figure 1 , although there are several possible explanations. Additional experiments with a variety of molecular probes of porosity and a deeper understanding of the synthesis will be required to fully understand these issues.
Summary
These data show that the capillary endothelial glycocalyx is modulated by stimulation of the A 3 adenosine receptor. Although we do not show the target cell responsible for this Figure 6 . Possible mechanisms involved in adenosine damage to glycocalyx. The papaverine data suggest that the route through changes in shear stress is not involved. Likewise, the lack of A 3 receptor expression of leukocytes makes it unlikely that they play a role. Of the 2 remaining cell types, previous work supports the mast cells as the primary cell type involved in adenosine-mediated modulation of the glycocalyx. effect, adenosine-induced increases in permeability have been shown to be absent in mast cell KO mice. 23 We believe this is attributable, at least in part, to modification of glycocalyx function. The implications of this are of considerable interest because of the number of pathological conditions that lead to changes in microvascular permeability. In addition, modification of the glycocalyx has been shown to play a role in the adhesion of leukocytes 21 and in ischemia/reperfusion injury. 7 Although the function of the glycocalyx has not been evaluated in a sufficient number of experimental models, it is tempting to hypothesize that an early response during inflammatory vascular injury is modification of the glycocalyx. This provides a therapeutic target where there is potential for many pathological processes to converge and may allow for significant progress in ameliorating the consequences.
